Combining ability and heterosis were calculated for fourteen lines of linseed in a line × tester mating design using twelve lines and two diverse testers in two different environments. The hybrids and parental lines were raised in a completely randomized block design with three replications to investigate seed and fibre yield and their component traits. Genetic variation was significant for most of the traits over environments. Combining ability studies revealed that the lines KL-221 and LCK-9826 were good general combiners for seed yield and most of its components, whereas LMH-62 and LC-2323 were good general combiners for yield components only. Moreover, KL-221 was also a good general combiner for fibre yield. Similarly, B-509 and Ariane were good general combiners for fibre yield and most of its components. Among the specific cross combinations, B-509 × Flak-1 was outstanding for seed yield per plant and B-509 × KL-187 and LC-2323 × LCK-9826 for fibre yield per plant, with high SCA effects. In general, the hybrids excelled their respective parents and the standard checks for most of the characters studied. Based on the comparison of mean performance, SCA effects and the extent of heterosis, the hybrids LC-2323 × LCK-9826 and B-509 × KL-221 appeared to be the most promising for both seed and fibre yield. Other promising combinations were LC-2323 × KL-210 and B-509 × Ariane for seed and fibre yield, respectively. The superiority of LC-2323, LCK-9826, KL-221, B-509 and Ariane as good general combiners was further confirmed by the involvement of these parents in the desirable cross combinations.
Introduction
Oilseeds command second major agricultural crop status in India next to food grains in terms of both production and value. In India, linseed (Linum usitatissimum L.) is one of the most important non-edible oilseed crops, cultivated for seed as well as fibre. The fibre is used for the manufacture of linen and the seeds as oil and cake. The oil content in the seed generally varies from 33-45% (Gill, 1987a) . Although linseed oil is primarily an industrial product, in 88 India 25% of the total linseed oil produced is used for domestic purposes (Anonymous, 2004) . The contribution of India to global linseed area and production is 21.2 and 8.2%, respectively (Anonymous, 2008) , but the productivity of linseed in India is very low (376 kg/ha) in comparison to the world average of 778 kg/ha, because it is normally grown under rainfed conditions by resource-poor farmers, and the non-availability of high potential cultivars also lowers the productivity of this oilseed (Rai et al., 2002) . This crop is gaining momentum because of the great demand for its seed and fibre for manufacturing items of industrial significance (Yadav and Srivastava, 2002) .
Linseed being an autogamous crop, genetic improvement has been carried out through conventional breeding methods, i.e. selection and hybridization. Selection is only effective if variability is present in the crop or population to be improved. Variability is created either through hybridization, through mutation breeding or through polyploidy. The success of hybridization programmes depends on the ability of the parents involved to yield desirable segregants/recombinants (Hallauer and Miranda, 1981) . The ability of the parents to combine well depends on complex interactions between the genes, which cannot be judged by mere yield performance and the adaptation of the parents. Parents with good per se performance may not necessarily produce desirable progenies when used in hybridization (Allard, 1960) . Moreover, a particular cross producing transgressive segregants in autogamous crops like linseed would depend upon the precise estimates of various components, namely additive, dominance, non-allelic interactions, linkage between polygenes and gene dispersion in the parents of the cross, contributing to heterosis (Jinks, 1983) . Combining ability analysis is an important tool for the selection of desirable parents, together with information on the nature and magnitude of gene effects controlling quantitative traits of economic importance. Moreover, such information is more reliable when drawn from various environments. The present investigation was therefore undertaken to generate information on combining ability effects for yield and its component traits and for oil content in linseed grown in varying environments.
Materials and methods
The present investigation was carried out at two locations, Department of Plant Breeding and Genetics, CSK HPKV, Palampur, and Wheat and Rice Research Centre (WRRC), Malan, Himachal Pradesh, India.
Palampur: The experimental farm is situated at 32°8′ N latitude and 76°3′ E longitude at an elevation of 1290.8 m above mean sea level. Agro-climatically, the location represents the midhill zone of Himachal Pradesh (Zone II) and is characterized by a humid sub-temperate climate with high rainfall (2500 mm). The soil is acidic in nature, with a pH ranging from 5.0 to 5.6.
Malan: The experimental farm is situated at an elevation of 950 m above mean sea level at 32°07′ N latitude and 76°23′ E longitude representing sub-humid mid-hill conditions having high rainfall. The soil of the experimental area is a clay loam with a pH ranging from 5.8 to 6.0.
Experimental materials
The experimental materials comprised 14 genotypes of linseed. Of these, two genotypes, KL-210 (seed type) and B-509 (dual purpose) were used as standard checks I and II, respectively, the former for seed yield and the latter for dual-purpose, i.e. both seed and fibre yield (Table 1) . Two agronomically superior but genetically diverse lines, B-509 (dual purpose) and LC-2323 (seed type) were used as testers. The parentage/source of the genotypes used in the study is given in Table 1 . 
Crossing plan
The crosses followed the mating design proposed by Kempthorne (1957 December, 2003 . Each hybrid and parent was raised in three rows, 1.5 m long with row-to-row and plant-to-plant spacings of 30 cm and 5 cm, respectively.
The experimental fields were well prepared and the recommended dose of fertilizer (50 kg N, 40 kg P 2 O 5 and 20 kg K 2 O per hectare) was applied. Half the dose of nitrogen and the full dose of phosphorus and potash were applied as basal and the remaining half nitrogen was top dressed two months after sowing. Irrigation was given whenever required and regular weeding was done to keep the trial free from weeds.
Recording of observations
Ten competitive plants were tagged randomly from each genotype in each replication to record observations for days to first flower, height at first flowering (cm), days to 50% flowering, days to 75% maturity, plant height at maturity (height from ground level to the top of the plant measured in cm), technical height at maturity (height from ground level to the point where primary branching starts, measured in cm), primary branches per plant, capsules per plant, tillers per plant, seeds per capsule, seed yield per plant (g), thousand-seed weight (g), straw yield per plant (g), biological yield per plant (g), harvest index (%), retted straw yield per plant (g), fibre yield per plant (g) and oil content (%). Harvest index (%) was calculated as:
Seed yield per plant (g) Biological yield per plant (g) × 100
Statistical analysis
The mean values of all observations for each location were analysed separately and then their combined data were analysed. Analysis of variance for a randomized block design was done using the model suggested by Panse and Sukhatme (1984) . The line × tester analysis, combining ability analysis and estimation of GCA and SCA were carried out using the methods given by Kempthorne (1957) . The statistical analysis was done using SPAR software developed by the Indian Agricultural Statistical Research Institute, New Delhi.
Results
The analysis of variance for combining ability revealed significant differences between the hybrids for all the characters studied over all the environments, except for capsules per plant ( Table 2 ). The partitioning of mean squares for hybrids revealed that the mean squares for lines and testers were also significant for most of the traits, indicating significant differences between the lines and testers for their general combining ability effects. The mean squares for environment were also significant, implying the varying nature of the environments. The non-significance of the mean squares for line × environment, tester × environment and line × tester × environment for the majority of the traits suggested that the GCA effects of the parents and the SCA effects of the hybrids were not influenced by the environments. These results are in close proximity with the findings of Kumar et al. (2000) , Bhateria et al. (2001) and Sood (2004) .
General combining ability effects
In general, no single parental line proved to be a good general combiner for all the traits studied (Table 3 ). The line KL-221 was a good general combiner for eight traits (higher seed yield per plant, capsules per plant, 1000-seed weight, primary branches per plant, harvest index and fibre yield per plant, and decreasing days to first flower and days to 50% flowering), Ariane for seven traits (higher fibre yield per plant, retted straw weight per plant, biological yield per plant, straw yield per plant, technical height, plant height and height at first flowering), LMH-62 for three traits (decreasing days to first flower, days to 50% flowering and days to 75% maturity) and Janaki for increasing oil content and 1000-seed weight (Tables 3and 4) .
The tester LC-2323 was a good general combiner for high harvest index, tillers per plant, 1000-seed weight and oil content and decreasing days to first flower and days to 50% flowering, whereas B-509 was a good general combiner for increasing height at first flowering, plant height, technical height, straw yield per plant, retted straw weight per plant, fibre yield per plant and days to 75% maturity (Tables 3 and 4) . Table 2 Combined analysis of variance for combining ability over environments for various biometrical traits in linseed 
Specific combining ability effects
Any generalization from the results for specific combining ability is difficult as no individual cross combination revealed significant desirable SCA effects for all the characters (Table 5 ). However, from the economic point of view, seed and fibre yield are the most important traits. Therefore, greater emphasis needs to be placed on these characters. The hybrid B-509 × Flak-1 was exceptionally good, with desirable SCA effects for seed yield per plant, seeds per capsule, biological yield per plant and technical height. Similarly, B-509 × KL-187 and LC-2323 × LCK-9826 were desirable for fibre yield per plant (Table 5 ). The parents involved in the hybrid B-509 × Flak-1 were poor performers for seed yield per plant, suggesting that poor × poor parental combinations could also be of use in the production of hybrids, due to the complementation of favourable genes. The cross combinations LC-2323 × LMH-62 (involving poor × good combiners for days to 75% maturity, poor × average for seeds per capsule, good × average for straw yield per plant and good × average for harvest index), B-509 × Ariane (days to first flower: poor × poor, plant height: poor × poor, seeds per capsule: average × poor and straw yield per plant: poor × poor), B-509 × Belinka (days to 50% flowering: poor × poor, technical height: poor × poor and seeds per capsule: average × poor), B-509 × KL-233 (days to first flower: poor × poor), B-509 × LCK-9826 (height at first flowering: poor × good), LC-2323 × Flak-1 (technical height: good × poor), B-509 × Aoyagi (average × average), LC-2323 × KL-178 (poor × poor) and LC-2323 × KL-233 (poor × average) for seeds per capsule, and B-509 × Janaki (harvest index: poor × average) were desirable for seed type linseed genotypes. Other promising hybrids exhibited desirable SCA effects for both seed and fibre traits: B-509 × LMH-62 (capsules per plant: poor × poor, biological yield per plant: average × poor, straw yield: good × poor and retted straw weight per plant: good × poor); LC-2323 × Belinka (technical height: poor × good, biological yield per plant: poor × poor and retted straw weight per plant: poor × average) (Table 5 ). Good × good GCA combinations could be attributed to additive or additive × additive types of gene actions, which are fixable in nature. Crosses which involved one parent with good and one with 94 poor GCA effects could throw up transgressive segregants if the additive effect of one parent and the complementary epistatic effects act in the same direction and maximize the desirable plant attributes. Cross combinations observed to have high SCA effects involved all possible combinations of parents with poor, average and good general combining ability. This indicated that in general GCA had no bearing on the SCA effects of the crosses. This finding is in agreement with those of Thakur and Rana (1987) , Singh and Srivastava (1987) , Thakur and Bhateria (1991) , Mahto and Rahman (1998) , Pathania (1999) , Kumar et al. (2000) , Bhateria et al. (2001) and Sood (2004) , who also reported the involvement of good × good, good × average, good × poor, average × average, average × poor and poor × poor combiners in hybrids revealing significant SCA effects in linseed. In contrast to these results, Badwal and Gupta (1970) reported that crosses showing high SCA effects involved at least one parent with good general combining ability, whereas Pillai et al. (1995) reported that high × high general combiners showed high SCA effects.
Heterosis
A large number of cross-pollinating species show varying degrees of heterosis, but its magnitude is relatively smaller in self-pollinated crops. Mather (1973) attributed this to the type of genic balance that a crop has acquired during the process of evolution. However, hybrid vigour has also been reported in selfpollinated crops (Tandon, 1980; Gill, 1987b) and is being commercially utilized in crops like rice, etc. The scope for the exploitation of hybrid vigour depends upon the direction and magnitude of heterosis. The interest of breeders lies in hybrids superior to the standard checks. In the present study no single cross combination exhibited significant desirable heterosis for all the characters simultaneously. The cross LC-2323 × LCK-9826, which expressed the maximum extent of economic heterosis for seed yield per plant, also exhibited desirable heterosis for 1000-seed weight, tillers per plant, capsules per plant, days to 50% flowering, primary branches per plant and biological yield per plant over both the standard checks, and desirable heterosis for retted straw weight per plant and fibre yield per plant over standard check I and for days to first flower, seeds per capsule, harvest index and oil content over standard check II (Tables 6  and 7 ). Two more cross combinations, B-509 × KL-221 and LC-2323 × KL-210, exhibited desirable heterosis for seed yield per plant over both the standard checks. Besides revealing high heterosis for seed yield per plant, cross combination B-509 × KL-221 also expressed desirable heterosis for days to 75% maturity, capsules per plant, biological yield per plant, retted straw weight per plant and fibre yield per plant over standard check I and for days to first flower, days to 50% flowering, primary branches per plant, capsules per plant, seeds per capsule, 1000-seed weight, biological yield per plant, harvest index, fibre yield per plant and oil content over standard check II. The other crosses exhibiting high standard heterosis were LC-2323 × KL-221 (primary branches per plant, (Tables 6 and 7) .
Discussion
Heterosis signifies the percentage increase or decrease of F 1 over the better parent or the standard check, thereby identifying the best crosses, but fails to indicate the possible causes of the superiority of the hybrids. The genetic basis of the superiority of the best crosses is assessed on the basis of combining ability effects. Thus, the comparison of the top-ranking hybrid combinations based on per se performance, SCA effects and heterosis revealed that, in general, the topranking hybrids based on per se (mean) performance also figured among the best combinations on the basis of standard heterosis (I and II). However, their superiority in respect of SCA was somewhat altered. Similar results were also observed by Pathania (1999) . The preponderance of additive and additive × additive types of gene action might be a possible reason for such results. The crosses LC-2323 × LCK-9826 and B-509 × KL-221 performed best for both seed and fibre yield and their component traits, while LC-2323 × KL-210 was promising for seed yield and B-509 × Ariane for fibre yield, showing their superiority over seed type (I) and dual-purpose (II) checks, respectively (Table 8) . A close relationship between per se performance and SCA effects and/or heterosis for yield and yield attributes was also reported by Rao and Singh (1983) , Mishra and Rai (1993) , Saraswat et al. (1993) , Verma and Mahto (1996) , Mahto and Rahman (1998) , Pathania (1999) , Kumar et al. (2000) and Sood (2004) .
It can be concluded from the results that sufficient genetic variability was present in the lines under investigation. The non-significance of mean squares for line × environment, tester × environment and line × tester × environment for the majority of the traits suggested that the GCA effects of the parents and the SCA effects of the hybrids were not influenced by the environments. Combining ability studies revealed that the lines KL-221 and LCK-9826 were good general combiners for seed yield and most of its components, whereas B-509 and Ariane were good general combiners for fibre yield and most of its components. Among the specific cross combinations, B-509 × Flak-1 was outstanding for seed yield per plant and B-509 × KL-187 and LC-2323 × LCK-9826 for fibre yield per plant, with high SCA effects. In general, the hybrids excelled their respective parents and standard checks for most of the characters studied. Based on the comparison of mean performance, SCA effects and extent of heterosis (standard heterosis I and II), the hybrids LC-2323 × LCK-9826 and B-509 × KL-221 appeared to be the most promising for both seed and fibre yield. Other promising combinations were LC-2323 × KL-210 and B-509 × Ariane for seed and fibre yield, respectively. The superiority of LC-2323, LCK-9826, KL-221, B-509 and Ariane as good general combiners was further confirmed by the involvement of these parents in the desirable cross combinations. The promising combinations LC-2323 × LCK-9826 and B-509 × KL-221, identified on the basis of per se performance and superiority over standard checks for both seed and fibre yield, could be exploited to develop dual-purpose genotypes in linseed.
